We present model calculations for the inelastic cross sections of electron collisions with tetrahedral molecules XH 4 ͑XϭC, Si, Ge͒ when only the molecular ''breathing'' mode, 1 , is being excited. The collision energy range is well above the excited thresholds and up to 12 eV, where the adiabatic approximation for the inelastic T matrix is expected to hold. The results show the efficiency of the t 2 shape resonance in enhancing the inelastic process and the appearance, in the two heavier targets, of a further a 1 resonance in the inelastic channels of both molecules. The corresponding excitation rates are also computed together with estimates of the vibrational excitation functions.
I. INTRODUCTION
Recent years have witnessed a marked increase of interest in understanding fairly complicated, multicomponent molecular mixtures evolving under strongly nonequilibrium conditions, which are in turn created by the action of electrical fields, laser fields, and shock waves. 1, 2 In all the abovementioned cases the often numerous molecular species which are composing the gaseous mixture become energetically excited up to several levels of their vibrational ladder, be it within their ground electronic states or in one of their electronically excited states. 3 The necessary efforts have been fueled by the clear technological interest in such studies, which have been directed to the development of specific particle beams, of selected molecular lasers, and to designing low-temperature multicomponent molecular plasmas for chemical vapor deposition technology. 4 Electron collisions within the molecular mixtures are often responsible for creating such nonequilibrium environments and yet knowledge of the distributions of the excitation/deexcitation probabilities ͑the particle inelastic cross sections͒ for even the simpler polyatomic gases like CO 2 , H 2 O, CH 4 , etc., is still very scant despite the important role which such species have in making up the relevant mixtures that often initiate the technological process.
The reasons for this marked lack of data of technological interest are both experimental and theoretical, in the sense that the direct measurement of state-to-state excitation cross sections from electron-molecule scattering processes is fairly hard to carry out in the low-energy regimes which are of more direct interest 5 and, at the same time, the computational development of ab initio methods for treating the excitation of vibrational and electronic excitations of nonlinear, polyatomic targets is still in its infancy. 6 In the present study we are interested in the development of nonempirical models that describe the electron-molecule interactions and the coupling between the kinetic energy of the impinging electron and one of the target vibrational modes. This exploratory study will deal with the simplest of them, i.e., the totally symmetric breathing mode of tetrahedral molecules. We intend to show that, under the physical conditions where the modeling is applicable, the present approach provides a strong reduction of the computational time while yielding rather reasonable values for the state-to-state cross sections and/or the rates.
The work is organized as follows. Section II briefly describes the interaction forces and the scattering equations we are using for treating the quantum electron-molecule dynamics. In Sec. III we add the coupling with the nuclear motion and describe the adiabatic simplification that we shall use here. Section IV describes our exploratory computations for the cross sections of the three molecules we are examining, i.e., CH 4 , SiH 4 , and GeH 4 . Finally, Sec. V will present our conclusions.
get molecule, ͑ii͒ the interaction forces between the bound particles and the impinging electron, and ͑iii͒ the dynamical formulation of the quantum scattering equations. 7 Within an ab initio, parameter-free approach one could start with the target nuclei being kept fixed at their equilibrium geometry and their motion during the scattering process could then be decoupled from the other variables. This simplifying scheme goes under the name of the fixed nuclei approximation 8 and it strongly reduces the dimensionality of the coupled scattering equations for the dynamics. Furthermore, the target N electrons bound in a specific molecular electronic state ͑which, for the present purpose, is taken as unchanged during the scattering͒ can be described within a near-Hartree-Fock, self-consistent field ͑SCF͒ approximation by using the single-determinant ͑SD͒ description of the N occupied molecular orbitals ͑MOs͒. In our implementation of the scattering equations the occupied MOs of the targets are again expanded on a set of symmetry-adapted angular functions with their corresponding radial coefficients represented on a numerical grid. [9] [10] [11] In this approach, any arbitrary three-dimensional function describing a given electron, either one of the N bound electrons or the scattering electron, is expanded around a single center ͑SCE͒ usually taken to be the center of mass of the global (Nϩ1) electron molecular structure
The above SCE representation refers to the th element of the pth irreducible representation ͑IR͒ of the point group of the molecule at the nuclear geometry R. The angular functions X lh p (r) are symmetry adapted angular functions given by proper combination of spherical harmonics Y lm (r),
The quantum scattering equations then evaluate the unknown radial coefficients of Eq. ͑1͒ for the (Nϩ1)th continuum electron scattered off the molecular target
where E is the collision energy Eϭk 2 /2 and ⑀ ␣ is the electronic eigenvalue for the ␣th asymptotic state. The p indices now label the specific th component of the pth IR that belongs to the ␣th electronic target state ͑initial state͒ coupled with the infinity of excited state IRs labeled collectively by ␤. The coupled partial integrodifferential equations ͑3͒ contain the kernel of the integral operator V, which is thus a sum of diagonal and nondiagonal terms that in principle can fully describe the electron-molecule interaction during the collision. The zeroth-order treatment yields the exact-static-exchange ͑ESE͒ representation of the electronmolecule interaction for the chosen target state ͑usually the ground state͒ at a given nuclear geometry R. Introducing the assumption of having only a local e Ϫ -molecule interaction one can further simplify Eq. ͑3͒ by writing
where the indices i, j, or n represent the ''angular channel'' ͉lh͘ and the potential coupling elements are given as
The numerical solutions of the coupled equation ͑4͒ will produce the relevant K-matrix elements, which will in turn yield the necessary expression for the elastic ͑rotationally summed͒ differential cross sections, obtained for scattering by randomly oriented molecules by averaging the scattering amplitude f (k •r͉␣,␤,␥) over all the angular values. 
B. Interaction forces
For a target which has a closed-shell electronic structure, as in the present examples, with n occ doubly occupied orbitals i , the potential can be written, for the case of electron scattering, as first given by its exact staticϩexchange contributions
where Ĵ i and K i are the usual local static potential and the nonlocal exchange potential operators, respectively. The index ␥ labels one of the M nuclei located at the coordinate R ␥ in the center-of-mass, molecular ͑body͒ frame of reference ͑BF͒. Electron-molecule scattering cross sections ͑integral and differential͒ which are computed using the V ESE potential of above usually only give some agreement with experimental data of elastic scattering at energies away from resonant features but turn out to be not at all realistic when used for resonant scattering. 7 We have therefore employed a further correction that we have already used for electron scattering from large polyatomic nonlinear targets with a good degree of success. 12, 13 In particular, we will try to show how the combined effects of simplifying the exchange interaction between the bound electrons and the continuum projectile via a modified semiclassical ͑local͒ approach and of treating the correlationpolarization forces using a global functional model can indeed help us to deal with vibrationally inelastic collisions, at least for the present set of tetrahedral molecules, with a markedly reduced computational effort and with an acceptable reduction of accuracy.
C. Modeling the interaction
In order to include the long-range polarization term and the short-range dynamical correlation effects we have implemented a local, energy-independent model potential, V ecp (r) for electron collisions which has already been discussed in our earlier work. [9] [10] [11] Briefly, the V ecp model potential contains a short-range correlation contribution, V corr , which is smoothly connected to a long-range polarization contribution, V pol , both terms being specific for electron projectile. The short-range term is obtained by defining an average dynamical correlation energy of a single electron within the formalism of the Kohn and Sham variational orbitals representing the bound electrons. The functional derivative of such a quantity with respect to the SCF N-electron density of the molecular target provides a density functional description of the required short-range correlation term ͑for a general description of density functional theory methods see Parr and Yang 14 ͒. The long-range part of V ecp is obtained by first constructing a model polarization potential, V pol , which asymptotically agrees with the potential obtained from the static dipole polarizability of the target in its ground electronic state. This corresponds to including the dipole term in the second-order perturbation expansion of the polarization potential.
The new, full interaction now corresponds to carrying out the scattering equations using the static-exchangecorrelation-polarization ͑SECP͒ description of the electronmolecule interaction.
In the present treatment of electron scattering from a nonlinear, polyatomic molecule we further employed a simpler form of exchange interaction in order to further reduce the computational complexity. Thus, we replaced the nonlocal contributions in Eq. ͑3͒ with a semiclassical approximate model, already employed and discussed by us in our earlier work ͑see, e.g., Refs. 15-17͒, which we called the semiclassical exchange ͑SMCE͒. It treats the bound-continuum exchange interaction more realistically than other simplified schemes ͑see, e.g., Ref. 18͒ in the sense that the local momentum of the bound electrons is initially disregarded with respect to that of the impinging particle thereby leading to the neglect of the gradients of molecular orbitals with respect to the gradient of the wave function for the projectile. [15] [16] [17] Hence, the final expression of the exchange forces, V ex SMCE (r͉k 2 ) is given by an energy-dependent function of the static interaction, V st , and the target total electron density in terms of its molecular orbitals ͑MOs͒, s (r),
where E is the asymptotic collision energy Eϭ 1 2 k 2 and the index s runs over the occupied MOs of the target. V st is the static interaction with the target electronuclear structure.
The coupled equation ͑3͒ can now be recast in an integral form by using 19, 20 the potential coupling elements defined before, V in p (r͉R), and employing standard Green's function techniques to obtain for the radial functions of the continuum electron
where the integral on the right-hand side of Eq. ͑8͒ terminates at rЈϭr ͑integral equations with this property are called Volterra equations͒.
The numerical implementation and stabilization corrections for the equations given by Eq. ͑8͒ have been discussed for diatomics before [21] [22] [23] and we have recently 19, 20 carried out its obvious generalization for polyatomic systems. Suffice it to say here that the combined use of a local form of exchange interaction ͑like the SMCE outlined before͒ with the integral formulation for the continuum solutions allows us to obtain the required K-matrix elements for each selected nuclear geometry with a substantial reduction of the computational time, a key element when dealing with vibrationally inelastic scattering calculations, even for very large partial wave expansions for Eq. ͑1͒.
III. THE VIBRATIONAL EXCITATION DYNAMICS
The crucial question when formulating a theoretical approach to the study of low-energy inelastic vibrational excitation of polyatomic molecules by electron impact is how to correctly include the effect of nuclear kinetic energy operators on the continuum wave functions for the scattered electron. From the earlier studies which went beyond some sort of weak-scattering approximations ͑clearly reviewed in Ref.
24͒ two types of approaches have been favored for diatomic targets: ͑i͒ one possibility rigorously takes into account the effects of the vibrational Hamiltonian by expanding the (N ϩ1) electronϩM-nuclei system in a complete set of eigenfunctions of that Hamiltonian [25] [26] [27] thereby carrying out the vibrational close-coupling calculations, and ͑ii͒ another option is to approximate the above-mentioned effects by treating the internuclear coordinates as a set of parameters on which the scattering attributes will finally depend. [28] [29] [30] This approach constitutes the foundation of the adiabatic nuclear vibration ͑ANV͒ approximation and effectively extends the conventional Born-Oppenheimer ͑BO͒ theory of bound molecular states within a given electronic state to the continuum states of the whole electron-molecule system.
The latter formulation is computationally less demanding than the former but, at least in the case of diatomic targets, 31 and from our previous experience on a polyatomic molecule, 32 is known to introduce significant errors into the vibrationally inelastic cross sections for scattering energies near and within a few eV above the relevant excitation threshold, while turning out to be more realistic at higher collision energies. 32 As a result, very little experience has been gathered thus far on polyatomic targets' vibrational excitations by collision with electrons.
If one therefore starts by first making the observation that, at the collision energies of interest in most studies, the molecular rotations can be considered as slower than the speed of the impinging electron, the rotational degrees of freedom can be eliminated from the scattering problem, which can then be formulated within a body-fixed ͑BF͒ frame of reference. In such an approximation, called the fixed-nuclear-orientation ͑FNO͒ scheme, 24, 28 the reduced system wave function depends on two sets of coordinates only: the internal nuclear coordinates and the three coordinates of the continuum electron, r ͑mentioned earlier͒, ⌿(r,R, 0 ͉E). The quantum number 0 collectively signifies the initial vibrational population which gives the molecular vibrational energy content by energy conservation as
Here k 0 2 /2 and k 2 /2 are the projectile kinetic energies in the entrance and exit channels. If the zero energy is selected to be the vibrational ground state of the molecule, then the energy lost by an electron during the excitation process, ⌬⑀ , is equal to E . If one now imposes further the continuum BO approximation on ⌿(r,R, 0 ͉E 0 ), then one obtains the ANV approximation and the corresponding asymptotic behavior of the solutions is obtained by choosing the BF energy to be the incident kinetic energy of the projectile:
One then applies the ͑real͒ K-matrix boundary conditions for each set of ͉R͉ coordinates within each IR that contributes to the scattering [33] [34] [35] [36] 
where ĵ and n are Riccati-Bessel and Riccati-Neuman functions. 37 The T matrix can then be obtained from the above-mentioned K matrix by writing ͑we disregard the explicit indication of the R dependence to simplify notation͒
The approximate FNO-ANV transition matrices can then be obtained by numerical quadratures over the relevant nuclear coordinates
where the 's are the vibrational wave functions for the vibrational mode under consideration.
In the present exploratory study we will limit our analysis to the treatment of the totally symmetric breathing modes of some tetrahedral molecular targets.
IV. COMPUTED INTEGRAL CROSS SECTIONS

A. The elastic scattering results
As we discussed in the previous sections, the implementation of our model treatment of the electron-molecule interaction within the quantum coupled equations which describe the electron scattering process strongly reduces the computational effort but should be tested for its reliability in describing the relevant physics. In the following we will therefore show that the SCME potential and the CP potential models are able to reproduce reasonably well the elastic ͑ro-tationally summed͒ integral cross sections from the low energy regions of the Ramsauer-Townsend ͑RT͒ minima to the broad resonance features at higher energies.
In Fig. 1 we show, as an example, the computational results for the CH 4 molecule compared with experiments. The target electronic wave function was described by a SD, near-HF expansion which employed 1.082 Å as the equilibrium bond distance and the D95* basis set expansion. We used a dipole polarizability value of 17.5 a 0 3 . The total electronic energy was found to be of Ϫ40.201 hartrees. The partial wave expansion of the potential was carried out up to max ϭ36 and the continuum electron partial waves went up to max ϭ36. These expansion values led to 20 coupled equations in the A 1 IR, 50 equations in T 2 , and 30 in the E IR, respectively.
The top panel in Fig. 1 shows the energy dependence of the various IRs which contribute to the total elastic cross sections and they all exhibit the expected behavior, as was already found in earlier calculations on methane using the exact exchange interaction: 38 ͑i͒ the broad resonance feature before about 10 eV is mainly due to the t 2 symmetry of the continuum electron; ͑ii͒ the totally symmetric a 1 component is responsible for the low energy RT minimum feature; and ͑iii͒ both the e and t 1 partial symmetries contribute the least to the size of the total elastic cross sections.
The bottom panel in Fig. 1 shows a direct comparison, on the same absolute scale, between our computed total elastic cross sections and the experimental values for the same observable. 39 One clearly sees that the present calculations follow very closely the experimental points and that the elastic cross sections are reproduced well by the model interactions we employ in this study. The computational effort for solving the coupled equations at one energy for all the contributing irreps was only of 200 s on a medium-size workstation.
Similar calculations were also carried out for the silane and the germane molecules to further test the reliability of our modelistic approach.
The basis set expansion for the target molecular orbitals ͑MOs͒ was at the D95* level, with a Si-H bond distance of 1.478 a 0 and a total electronic energy of Ϫ291.225 hartrees. The potential multipolar expansion went up to max ϭ40, which led to 24 coupled equations for the a 1 , 60 for the t 2 , and 37 for the l components, respectively. The ␣ 0 value employed was 30.4 a 0 3 . For the GeH 4 molecule we employed a 6-311G (6d,10f ) basis set expansion, with a Ge-H bond distance of 1.523 Å and a total electronic energy of Ϫ2007.606 hartrees. The potential expansion went up to max ϭ50, which led to 35 coupled equations for the A 1 , 56 for the E, and 91 for the T 2 irreps. The ␣ 0 value employed was 34.4 a 0 3 . The results of the present calculations, in the same fashion as those shown in Fig. 1 , are now given in Fig. 2 for the silane target and in Fig. 3 for the germane case.
We see in Figs. 2 and 3 that the agreement for the SiH 4 calculation is nearly as good as that found for CH 4 , while the computed results for GeH 4 turn out to have the same shape as the experiments but yield integral cross sections which are about 20% larger than the measurements, with the largest differences being below 4 eV of energy. 40 The experimental data for the latter molecule are, however, much fewer and therefore, in contrast with the better known situations of CH 4 and SiH 4 , the comparison with our calculations could not be carried out as extensively as in the other two examples. Specifically, our earlier calculations 45, 46 on the elastic differential cross sections for GeH 4 used the model treatment of exchange forces and found very good agreement in the comparison between computed and measured angular distributions. Thus, we feel that the use of model exchange treatment for integral cross sections would require a more extensive comparison with other experiments before being declared not realistic for the germane system. On the whole, however, we see that our modeling of the interaction forces is providing here an acceptable description of the elastic scattering for the three molecules examined.
The computed cross sections for the elastic integral cross sections of all of them are reported, for completeness, in Table I at the collision energies of the present study. All results are considered to be converged within 5%. Each energy calculation required around 100 s on a Digital workstation with a single processor, thus underlining once more the appealing computational simplicity of the present SMCE-CP modeling of the interaction forces.
Because of this marked reduction of the computational effort when using the present model of exchange-correlation forces, it seems reasonable to now extend it to the treatment of vibrationally inelastic processes.
B. The vibrationally inelastic cross sections
As discussed in the earlier sections, the ANV approach to the evaluation of vibrational inelasticity by electron impact requires the solution of the scattering problem over a broad range of nuclear coordinates and the corresponding quadrature of the T-matrix values over the initial and final vibrational wave functions ͓see Eq. ͑12͔͒. In the present, exploratory calculations we have considered first the totally symmetric breathing modes of each tetrahedral molecule, since this vibration usually requires a large amount of energy transfer by electron impact. We have already seen for the case of the CH 4 target 32 that the four normal-mode excitation cross sections are comparable with each other in size and that our earlier computed values compared well with experimental findings. 39 Furthermore, our more recent study on the ANV approach for all four normal modes of CH 4 ͑Ref. 47͒ Fig. 1 but for the silane molecular targets. The experimental data are from Refs. 41-43. employed both the exact exchange and the present SMCE model and found between them differences in size of no more than 20% and an improved accord with the existing experiments. Thus, to start with the 1 -mode excitation could also provide realistic estimates of the total excitation cross sections for the other two tetrahedral molecules we are studying here. The calculations were carried out over a range of 15 values of the internuclear distances, going from R min ϭ0.9 Å to R max ϭ1.35 Å for CH 4 , from 1.25 to 1.75 Å for SiH 4 , and from 1.30 to 1.80 Å for GeH 4 . The corresponding potential energy curves were interpolated numerically and employed to numerically generate the quantum vibrational wave functions for the first four vibrational levels of the three molecules. The energy separations between the bound states are shown in Table II . The numerical quadrature of Eq. ͑12͒ was carried out to convergence down to less than 1% variations. Figures 4 and 5 report our calculations for the (0→1) inelastic cross sections compared for CH 4 , SiH 4 , and GeH 4 over the range of collision energy discussed before. The contributions from the various symmetry components are also shown for each target molecule. The following comments could be readily made.
FIG. 2. Same as in
͑i͒ The resonance supported by the t 2 component contributes the most to the vibrationally inelastic process in all molecules, in agreement with the relevant physics of the excitation.
͑ii͒ The totally symmetric a 1 component provides sizable contributions to the inelastic process beyond the main resonance region and, for silane and germane, suggests that a second, higher-energy resonant feature can exist in this inelastic channel.
͑iii͒ As expected, the two other symmetry components to the continuum electron, e and t 1 , yield negligible contributions to the excitation mode of the 1 .
͑iv͒ All ANV cross sections do not correctly vanish at threshold because of the energy mismatch inherent to the method. Hence, as already discussed before, we cannot use Given the limited decrease of the energy spacings from methane to germane ͑see Table II͒ , these results are in keeping with physical expectations and suggest that the electron collision excitation mechanisms require the coupling with the bound electrons as the chief driving force. Hence, the larger number of such electrons in going from CH 4 to GeH 4 causes stronger couplings and more efficient dynamical distortions of the target molecules.
In the excitation processes that play an important role when modeling molecular plasmas the presence of ''hot'' molecules and of multiple quantum excitations has been found to be significant in simpler diatomics like H 2 , N 2 , and O 2 .
2,48 It therefore becomes of interest to see what would be the role of such inelastic processes in the present case. Figures 5-7 therefore report the behavior of the inelastic processes from nϭ1 ͑top panels͒ and that of the multiple quantum transitions ͑lower panels͒. In the insets of the lower panels the ⌬nϭ3 excitation cross sections are also shown. Here again the following comments could be made.
͑i͒ The excitations of ''hot'' molecules turn out to occur with larger probabilities than the excitations of molecules in their nϭ0 initial vibrational state. We see, in fact, that the corresponding cross sections of methane, silane, and germane for the (1→2) excitations are about 50% larger than their counterparts for the ͑0→1͒ excitations. This result is in keeping with what was found to occur for H 2 and N 2 excitation by electron impact. [1] [2] [3] ͑ii͒ The multiple excitation cross sections shown in the lower panels ͑and in the insets͒ of Figs. 5-7 clearly indicate that their corresponding probability is markedly reduced by one or more orders of magnitude: the weak coupling induced by the potential is not able to overcome the strong orthogonality between vibrational functions that therefore reduces the size of the integral in Eq. ͑14͒.
͑iii͒ The additional a 1 -type resonant enhancement, seen in the inelastic channels for the ⌬nϭ1 excitations from the nϭ0 initial states, persists in the case of excitation from vibrationally hot targets and becomes even more important for the multiple quantum excitations. We see, in fact, from the insets that the ⌬nϭ3 excitations show larger contribu- tions from this higher-energy resonance than from the t 2 type of resonance.
To be more specific, we finally report in Tables III and  IV all the present computed values for all the excitation cross sections considered.
In conclusion, we have seen for all three systems that the dominant contribution to the 1 excitation comes from single-quantum energy transfers and that an initially increased population of higher vibrational levels in the target molecule enhances the probability of transferring energy by electron impact. We will therefore analyze a bit more in detail in Sec. IV C the actual behavior of some indicators of collisional excitation efficiency that could be obtained from the computed state-to-state cross sections.
C. Excitation efficiency and excitation rates
One of the simplest quantities to evaluate from the inelastic cross sections is the average energy transfer, ͗⌬E͘ 0 , from the initial vibrational level nϭ0, usually considered the dominantly populated level in the low-temperature molecular plasmas:
a quantity given in units of meV over the range of considered collision energies ͑Fig. 8͒. The results are shown in the upper panel of Fig. 9 and we clearly see there the effects of the different resonant features exhibited by corresponding cross sections.
͑i͒ In the energy range from 2.0 to about 6.0 eV the resonant cross sections of the germane system provide the largest energy transfer values since both CH 4 and SiH 4 become more efficient only at the higher collision energies.
͑ii͒ The methane molecule shows the smallest efficiency in the low energy range since its resonant behavior begins to play a role only from 8 eV and beyond.
͑iii͒ At the higher collision energies the energy examined, transfer values for the methane target are the largest for the three systems, with SiH 4 and GeH 4 becoming similar to each other ͑and much smaller than CH 4 ) beyond 8 eV.
The numerical values of the computed ⌬E of Fig. 9 are reported in Table V. Another quantity of interest in this context is the collisional heating function, CHF, which is defined as the ratio between a chosen inelastic process and the overall flux into the ͑elasticϩinelastic͒ channels. 49 In the case of the vibrational excitation of the 1 mode only, its definition becomes
where f (E,T) is a Boltzmann energy distribution function for the beam of impinging electrons and a given number density, d, of the molecule in units of mol cm Ϫ3 . The temperature dependence of such quantities for the 1 mode of each molecule is shown in the lower two panels of Fig. 9 , where on the left-hand side we report the range of values from 1000 to 4000 K and on the right-hand side the values from 4000 to 10 000 K. In all cases we consider excitation from the nϭ0 level only. The germane gas clearly shows the largest excitation function which becomes even more so in the higher interval of temperature. All values are, however, fairly small and become significant for an electron ''heating'' of the ambient gas only above about 5000 K. As expected, the CH 4 molecule exhibits the smallest efficiency, due both to its vibrational force constant being the largest of them all ͑see Table II͒ and to its smaller dipole polarizability.
One should keep in mind, however, that the energies of the electrons at the above-mentioned temperatures are below the region where the ANV is expected to be valid and therefore it is difficult to assess here the level of reliability for such quantities. It is, on the other hand, still useful to analyze each behavior relative to the other for the three systems.
The next global quantities of interest are the individual, state-to-state, excitation rates, this time as a function of the ambient gas temperature
where k B is the Boltzmann constant and v the electron relative velocity in the gas. Here d is the molecular number density.
The computed values for the three systems studied here are presented in Figs. 10͑a͒, 10͑b͒ , and 10͑c͒ for the excitation rates from the nϭ0 level, the most probable of the molecular states being populated at the temperatures of interest. We should also note here again that, although the range of T being shown is that of interest in the plasma deposition processes, 2 the corresponding electron impact energies are still below the expected range of full validity of the ANV reduction. Hence, the absolute level of reliability of these results is hard to evaluate.
͑i͒ All rates, as expected, are remarkably small and invariably show the ones associated with the ⌬nϭ1 excitations to be the largest.
͑ii͒ The size of the rates clearly increases from methane ͓Fig. 10͑a͔͒ to germane ͓Fig. 10͑c͔͒ although they all tend to essentially the same high-T limiting values of ϳ10 Ϫ37 cm 3 s Ϫ1 . ͑iii͒ All the multiple excitation processes are much smaller and remain so even at their highest ''saturation'' temperatures shown. There one sees that the ⌬nϭ2 excitations are more than one order of magnitude smaller than ⌬nϭ1 and the ⌬nϭ3 excitations are about three orders of magnitude smaller.
V. PRESENT CONCLUSIONS
In the present work we have explored the computational feasibility of modeling via nonempirical approximations the vibrational excitation cross sections by collision with electrons of three tetrahedral molecules.
In particular, we have tried to show that the combined use of simplified interaction potentials and adiabatic dynamics is capable of providing a rather realistic description of electron scattering total elastic cross sections ͑integral͒ at low collision energies with considerable savings of computational time. For the excitation processes, however, the only possible comparison, given the scant experimental data, has been for the case of CH 4 , where the ANV and the off-shell results already reported in our earlier work 32 were compared with the same experiments. 47 The more approximate ANV dynamical coupling was found to be rather realistic, when compared with off-shell results, above about 2 eV of electron collision energy. We have also found that exact exchange and SMCE exchange yielded cross sections for all four modes at most about 20% smaller for the latter than for the former. Because of the large errors on the experimental data, however, both calculations fitted well the existing data. 47 The present study, albeit still preliminary, allows us to make the following comments.
͑i͒ The use of the SMCE exchange interaction and of the V cp modeling of the correlation-polarization forces has shown that one can obtain, at least for CH 4 and SiH 4 , a realistic description of the elastic scattering process and rather good accord with the experimentally measured integral cross sections. Furthermore, the earlier calculations 46 of the germane elastic angular distributions with model exchange turned out to be very close to experiments and provided integral cross sections very similar to the ones from the present calculations with the SMCE model exchange.
͑ii͒ The ANV calculations for CH 4 had been shown by us 32, 39 to be in good agreement with the more accurate offshell method once one is away from the ͑0→1͒ excitation threshold. Hence, the CH 4 results with exact exchange 47 gave us some level of confidence on the reliability of approximate exchange models, at least for hydrates. It also encouraged us to use their extension to other polyatomic targets with a better confidence on their reliability, in spite of its being not yet directly tested with experiments because of the lack of them.
͑iii͒ The computed cross sections are all fairly small in size, with more marked contributions appearing in the energy range of the shape resonances of t 2 symmetry which exist, for all three molecules, in both the elastic and the inelastic channels. The heavier systems like SiH 4 and GeH 4 show in the 1 -mode inelastic channels ͑at higher collision energies͒ the additional presence of a broad resonance of a 1 symmetry.
͑iv͒ The heating efficiency and the energy loss efficiencies, at the temperatures of interest in molecular plasmas, turn out to be fairly small for the 1 vibrational mode and for all three molecules. The present calculations also indicate that the excitation efficiency is larger for silane and germane, the latter molecule being the most efficient energy ''sink'' for the electrons in the beam, as seen from the state-to-state excitation rates of Figs. 10͑a͒, 10͑b͒ , and 10͑c͒.
The general features shown by the excitation of the 1 mode in the three target molecules are not expected to be very different when the other modes will be considered, as we have recently found for CH 4 . 47 From those findings, 47 in fact, we can qualitatively predict that the total energy-loss values coming from the global excitations of the four modes of the tetrahedral targets should yield ͗⌬E͘ estimates for each molecule which are about six to eight times larger than those coming only from the 1 excitation.
In conclusion, we think that the present data are already telling us that our proposed modeling of the e Ϫ -molecule interaction and of the ANV vibrationally inelastic dynamics markedly reduces the computational requirements and makes it possible for us to obtain the range of microscopic data needed to explore the physics of electron-impact vibrational excitations in polyatomic molecular gases. Although its level of reliability has only been checked on the methane target and on the elastic collision processes of all three molecules, we would still be able to employ this modeling for a more detailed analysis of the interplay between structural properties of a given molecular target gas and the dynamics of its interaction with electron beams of energy well above the vibrational thresholds, thereby providing further possible comparisons with experiments on other systems.
